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Abstract 
Decay of ancient buildings is often due to corrosion of metallic reinforcements, which are embedded in the construction in order 
to improve its structural behaviour or to prevent the propagation of cracks. If wet conditions occur on the surface of steel,
corrosion can start. Corrosion may weaken reinforcements and produce expanding oxides that lead to the detachment of covering 
materials, thus being harmful for the durability of the construction and challenging for its restoration. When dealing with heritage 
buildings, however, the problem becomes even more complex due to the need of non-invasive and reversible techniques. Here 
the only possibility is often to limit the corrosion rate by controlling moisture and temperature conditions in the assembly or the 
indoor climate. To this end, a method has been developed which focuses on the corrosion behaviour of steel reinforcements in 
constructions, considering the complex transient processes of corrosion chemistry and the local hygrothermal conditions. In 
particular, the model is based on the correlation between the transient hygrothermal conditions (i.e. temperature, relative 
humidity and water content) and the corrosion rate of steel reinforcements embedded in porous building materials i.e. mortars 
and bricks. It allows the prediction of the temperature and humidity dependent corrosion rate of the steel over time. The model 
has been validated through several laboratory tests, showing a good agreement between measured and simulated results. It
assesses the corrosion risk depending on parameters which are easy to monitor and allows both preventive 
conservation/restoration of cultural heritage buildings and safe design of new durable building components. Concerning the 
former point, the model permits state-of-preservation assessments when material sampling is not possible and enables to define 
measures to reduce/stop corrosion of steel reinforcements. 
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Nomenclature 
a1, b1, c1 correlation factors for corrosion rate at relative humidity between 0% and 95% [-] 
a2, b2, c2 correlation factors for corrosion rate at relative humidity between 95% and 100% [-] 
asat, bsat correlation factors for corrosion rate at saturation [-] 
d1 correlation factor for corrosion rate at relative humidity between 0% and 95% [-] 
Ia, Ic corrosion rate resp. of the anodic and the cathodic process 
Icorr corrosion rate of the overall electrochemical process 
Iel, Ime corrosion rate resp. in the electrolyte and in the metal 
icorr corrosion rate, expressed as current density [mA/m2] 
icorr,1 corrosion rate, expressed as current density, at relative humidity between 0% and 95% [mA/m2] 
icorr,2 corrosion rate, expressed as current density, at relative humidity between 95% and 100% [mA/m2] 
icorr,sat corrosion rate, expressed as current density, at saturation [mA/m2] 
k approximation factor for corrosion rate at relative humidity between 95% and 100% [-] 
pk1, pk2 approximation factors for water content at a definite relative humidity [-] 
RD gas constant for water vapour [J/kgK] 
RH relative humidity [%] 
T absolute temperature [K] 
vcorr corrosion rate expressed as penetration rate [μm/year] 
w(φ) water content at a definite relative humidity [kg/m3] 
wsat water content at saturation [kg/m3] 
ϑ temperature [°C] 
ρw water density [kg/m3] 
φ relative humidity [-] 
1. Introduction
Metal reinforcements are frequently present in ancient masonry buildings, either due to an original design choice 
or as a result of later restoration works, in order to increase their structural stability or to avoid the propagation of 
cracks. They may be applied externally (hence being directly exposed to the action of the atmosphere) or embedded 
in the masonry materials (e.g. mortar, bricks or stone blocks). In the latter case, the presence of reinforcements may 
be harmful for the durability of the masonry, since metal corrosion may produce expanding oxides that lead to the 
detachment of covering materials (Fig.1a) [1,2,3,4]. The corrosion behaviour of these inserts may be quite complex, 
since it depends not only on the metal itself (e.g. low carbon steel), but also on the material they are in contact with 
(e.g. bricks, hydraulic mortars, gypsum) and on its moisture content.
Corrosion is an electrochemical process, which occurs on metal in presence of both oxygen and water. The latter 
is contained in the pores of the embedding material and represents the electrolyte that allows the corrosion of the 
steel reinforcement to take place. The process itself could be represented as following: 
 o OHFeOOHFe 422 222 (1) 
It is possible to schematise the corrosion process as a circuit (Fig.1b), where four complementary partial 
processes occur simultaneously, which means they occur at the same time and rate [5]: 
x oxidation of iron (anodic process), which frees electrons in the metallic phase and produces iron ions whose
hydrolysis causes acidity;
x reduction of oxygen (cathodic process), which consumes electrons and causes alkalinity;
x transport of electrons within the metal;
x transport of ions in the electrolyte, that is the water present in the pores of the mortar or brick.
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Fig. 1. (a) example of decay of an ancient heritage building component due to the corrosion of the steel insert; 
(b) schematic representation of the electrochemical mechanism of steel corrosion. 
Since these four processes happen at the same rate, which is the rate of the overall corrosion process (Icorr), the 
corrosion rate will be controlled by the slowest of the four partial processes. The transport of current within the 
metal is never a slow process and thus never reduces the rate of corrosion. Instead, under particular conditions, each 
of the other three processes can occur at a very slow rate and thus becoming the limiting one. The slowest process 
may be the anodic one (passive control), if the reinforcement is passive (electrolyte pH > 11.5), e.g. the steel is in 
contact with alkaline or non-carbonated mortars (unusual in ancient constructions). Sometimes the rate at which 
oxygen reaches the steel surface is low, e.g. when the pores of the material surrounding the reinforcement are 
permanently saturated by water (rare in buildings): here the cathodic reaction is the lowest one (oxygen transport 
control). Finally, building elements may be exposed to dry or low RH environments: in this case the transport of 
current within the electrolyte is the controlling process (ohmic control). Considering the latter condition, the 
transport of current through the pores becomes slow due to the lack of liquid phase inside the building porous 
material in which the metal is embedded. The rate of this process depends on the chemical composition of the water 
(i.e. pH) present in the pores, on their microstructure and moisture content, the latter one being influenced by the 
hygrothermal conditions of the surrounding environment. This wide range of environmental and material 
parameters, included their mutual transient interaction, may have a complex role that makes any corrosion 
prediction quite difficult. However, the study of the dependence of the corrosion rate of embedded metal 
reinforcements on the environmental conditions is a subject of great interest with regard to optimizing restoration 
methods and promoting a durable approach for the preservation of buildings. Research on this subject becomes more 
important, if dealing with heritage buildings and hence when non-invasive and reversible techniques are requested.
In this case, the limitation of the corrosion rate by controlling moisture and temperature conditions within the
assembly or the indoor climate might represent the only possibility to reduce or prevent corrosion damage and to
control the electrochemical process. To this end, a method has been developed, which focuses on the corrosion 
behaviour of steel reinforcements in constructions considering the complex transient processes of corrosion 
chemistry and the local hygrothermal conditions. In particular, the model is based on the correlation between the 
transient hygrothermal conditions (i.e. temperature, RH and water content) and the corrosion rate of steel 
reinforcements embedded in porous building materials (i.e. mortars and bricks).
2. Description of the Model
The new corrosion-hygrothermal model was developed with the aim to describe the effect of the environmental 
and material factors affecting corrosion of steel inserts embedded in building components in terms of quantities 
familiar to building physics. It is meant to allow the prediction of corrosion rate of steel inserts in porous building 
materials over the time, depending on temperature and RH of the environment. 
The model is based on several laboratory tests [6], mainly focused on heritage buildings and materials. As a 
consequence, at the moment it only deals with the prediction of the corrosion in mortars and bricks. In particular, 
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four different kinds of mortars were considered: two aerial mortars, using as binder alternatively only gypsum or a
mixture of lime and gypsum; two hydraulic mortars, blending lime with two different types of hydraulic additions, 
such as pozzolana (i.e. powdered volcanic minerals) and cocciopesto (i.e. crushed bricks). In this paper, due to 
shortness, only the data concerning lime-gypsum mortar are presented as example. 
The experimental studies were divided into two different sets: the first one was performed considering a humidity 
range up to the sorption equilibrium at 95% RH, hence in the so called hygroscopic region [7, 8]; the second one at 
saturation. The test temperatures were chosen between 0°C and 40°C. Indeed, if water freezes no corrosion can take 
place. On the other hand, no corrosion occurs if the environment is too dry, hence if no nanometric layer of water is 
present on the metal surface [5]. The experiments highlighted the key role of temperature, RH and water on the 
corrosion behavior of carbon steel inserts embedded in masonry materials. Moreover, a clear correlation was 
observed between the corrosion rate of steel and the electrical resistivity of each embedding material (i.e. the lower 
the resistivity of the embedding material, the higher the corrosion rate of the inserts). Since resistivity can be related 
to both the temperature and the RH of the environment, a correlation was found between the corrosion rate of steel 
embedded in masonry materials and the hygrothermal conditions of the construction. In particular, the corrosion rate 
was negligible in samples exposed to 65% and 80% RH, even at 40°C. Conversely, in wet environments or in 
presence of liquid water, the corrosion rate reached high values (up to ca. 100 mA/m2) [6].
2.1. Calculation model 
Two different equations were defined, considering the two different domains of the laboratory tests: in the first 
range (up to 95% RH), an exponential relationship between corrosion rate and both temperature and RH was chosen,
whereas at saturation a power relationship between corrosion rate and temperature was found: 
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The corrosion rate icorr is in both cases expressed as current density [mA/m2], which is the most used parameter in 
corrosion tests. Concerning equation (2) a1, b1, c1 and d1 represent regression parameters. Moreover, the first factor 
of the equation (2) permits to obtain zero corrosion rates if the local temperature reaches 0° C. Referring to equation 
(3), both asat and bsat are regression parameters. Again, in case of 0 °C, corrosion rate is set to zero. 
Between the hygroscopic region and the saturation it is quite difficult to precisely measure the RH level reached 
by the samples (capillary water region [7, 8]). That is why a mathematical approach was preferred. The equation (4) 
represents an approximation between 95% RH and saturation: 
100
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Where k is an approximation factor depending on the temperature (a2, b2 and c2 are correlation parameters): 
22
2 cak b  -  (5) 
Using equation (2) a corrosion map was created for each material. In Fig.2a an example for the lime-gypsum 
mortar is presented. On x- and y-axis respectively temperature and RH are plotted; the isolines represent the 
corrosion rate in a logarithmic scale and the different grey-scale gradations correspond to different rates of 
corrosion. The domain of the graph is limited by the experimental domain of the tests (RH up to 95%). In the upper 
part of Fig.2a the corrosion rate as a function of temperature at saturation is represented, according to equation (3). 
Fig.2b shows the corrosion rate as a function of the relative humidity in the capillary water region between 95% and 
saturation, according to the approximation presented in (4). The calculated curve shows a good agreement with the 
measured values, especially those of the drying phase. 
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Fig. 2. (a) corrosion rate icorr as a function of temperature (0-40°C) and relative humidity (65-95%) and (up) at saturation as a function of 
temperature; (b) corrosion rate icorr of the lime-gypsum mortar as a function of relative humidity between 0.95 and saturation, at 20°C. 
Actually, these data were converted into relative humidity values starting from the measured water content within 
the samples. The choice to use relative humidity, rather than water content, results from the possibility to more 
easily monitor it. The conversion was performed by means of the so called moisture storage function (MSF) [7, 8]:
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The water content w is calculated on basis of the water content at saturation wsat, the relative humidity φ of the 
sample, the water density ρw, the gas constant for water vapour RD and the approximation factors pk1 and pk2. Fig.3a 
shows the MSF approximated in this manner for lime-gypsum mortar in comparison to measured values.
Implementing these equations (2-6) the model is able to calculate the corrosion rate over time. As input it needs 
both the corrosion conditions of the embedding material and the transient local hygrothermal conditions at the 
interface between the steel insert and its embedding material, either measured or resulting from hygrothermal 
simulations. The local hygrothermal conditions are hourly data of temperature and RH, or water content (thanks to 
the MSF it is possible to switch them). The model then computes the hourly corrosion rate of the metallic insert, 
according to the selected binder type. The output can be expressed as current density [mA/m2] or as penetration 
depths rate [μm/year]. The conversion factor is given by the Faraday law (1 mA/m2=1.17 μm/year). It is worth to 
recall that corrosion rate is generally assumed negligible if lower than 1 μm/year, severe if above 10 μm/year [5].
2.2. Validation and limitation of the model 
The model was validated through several laboratory tests. To this end, reliable experimental investigations with 
well-known boundary conditions, accurate material properties and measurement results were used. For each material 
several samples were subjected to increasing steps of RH at constant temperature and the corrosion rate was 
monitored. The same conditions were then simulated by means of the hygrothermal model WUFI [7, 8] and the 
temperature and RH results used as input for the corrosion model. Fig.3b shows in a logarithmic scale the 
comparison between calculated and measured values of steel corrosion in two samples of lime-gypsum mortar at 
20°C exposed to four steps of RH (65-80-95% and 100 % at saturation). 
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Fig. 3. (a) moisture storage function (water content as a function of the relative humidity) of the lime-gypsum mortar; (b) validation of the model 
for the lime-gypsum mortar: comparison between measured and calculated corrosion rate icorr. 
The differences between calculated and measured corrosion rate are offered in the bottom graph in a linear scale, 
pointing out a good agreement (max differences of 5%). 
As every model, it also has some limitations. Firstly, it is only applicable to steel inserts embedded in humid 
porous materials. It is assumed that corrosion is uniform and occurs on the whole surface of the reinforcement in 
contact with non-alkaline materials, hence the model cannot be used for predicting neither atmospheric corrosion 
(i.e. steel elements directly exposed to the atmosphere) nor chloride induced corrosion (i.e. the absence of salts is 
assumed). Respecting these limits, the model allows a prediction of the corrosion behavior of steel inserted in the 
analysed porous building materials, starting from the hygrothermal conditions of the building component.
3. Conclusion
The model assesses the corrosion risk depending on parameters such as temperature, relative humidity and water
content, which are easy to monitor, and allows both preventive conservation/restoration of cultural heritage 
buildings and safe design of new durable building components. Concerning the former point, the model permits 
state-of-preservation assessments when material sampling is not possible and enables to define measures to 
reduce/stop corrosion of steel reinforcements. Finally, an attempt to extend the model to concrete is now in progress. 
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